A B S T R A C T Antigeniic recognitioln of four anti-bovine parathyroid hormone antisera was characterized by their reactivity with bovine hormonal fragments (1-34, 1-13, 14-34, 19-34, 53-84) and human hormone extracted from parathyroid adenomas. All antisera were found to have antibody populations which recognized more than one antigenic determinant and all antisera differed in their specificity and reactivity for the fragments of bo--vine hormone. By modification of two antisera, GP-1 and GP-133, by preincubation with excess concentrations of 1-34 or 53-84 fragments, antigenic recognition was restricted to defined regions of the hormonal sequence.
When assays using these modified antisera were applied to the study of hormones extracted from glands, greater immunochemical similarities were seen between bovine and human parathyroid hormone using assays that were specific for the measurement of amino-terminal portions of the hormones than of the carboxy-terminal portions.
When assays using these antisera were applied to the study of endogenous parathyroid hormone in human plasma, the immunoreactive hormone in the general circulation was shown to substantially lack an amino-terminal portion of the sequence of the intact hormone, including an antigenic determinant requiring all or some of the [14] [15] [16] [17] [18] [19] 
INTRODUCTION
In studies employing several antisera to bovine parathyroid hormone (BPTH),' Berson and Yalow (1) re- ported that, with one of these antisera, the slope of inhibition of tracer binding by successively increasing aliquots of immunoreactive parathyroid hormone (PTH) in the plasma of patients with hyperparathyroidism differed from that seen with hormone extracted from human parathyroid adenomas. This indicated that PTH in man was immunochemically heterogeneous and that certain antisera recognized antigenic differences, presumably reflecting structural differences, between the plasma and stored hormone. A preliminary report by Canterbury and Reiss (2) indicated that several immunoreactive fractions could be detected after gel filtration of circulating PTH in man and studies in this laboratory (3) have shown that PTH in the venous effluent both of human parathyroid adenomas and normal bovine parathyroid glands is indistinguishable from hormone extracted from glands, but that PTH in the general peripheral circulation consists largely of a hormonal fragment which is immunochemically distinct from hormone extracted 'Abbreviations used in this paper: BPTH, bovine parathyroid hormone; HPTH, human parathyroid hormone; PTH, parathyroid hormone.
The Journal of Clinical Intvestigationt Voltume 51 December 1972 3s163 from glands and has ani estimated molecular weight that is 2000 daltons less than that of intact hormone. These latter results, in vivo, indicated that cleavage of the stored form of the hormone occurred after release from the gland and not at the time of release as had been suggested by earlier organ culture studies done in vitro (4, 5) . More recent studies, by Martin, Greenberg, and Melick (6), using human parathyroid monolayer cell cultures, have shown that the secreted hormone is indistinguishable from the hormone extracted from human adenomas by gel filtration and by polyacrylamide gel electrophoresis. These results are consistent with the findings observed in vivo (3) .
To further evaluate the immunochemical properties of endogenous, circulating PTH in man, it was necessary to develop radioimmunoassays using antisera that react specifically with defined regions of the hormone. The recent determination of the complete amino acid sequence of BPTH (7, 8) and the availability of both natural (7) and synthetic horimioinal fragments (9) of BPTH have permitted us to characterize the antigenic recognition of several antisera. Antibody populations within these antisera are then selectively blocked by preincubation with excess concentrations of the appropriate fragments of the BPTH sequence. Antigenic recognition is thereby restricted to specific regions of the hormonal molecule. Use of these modified antisera enabled us to develop radioimmunoassays that measure specific regions of the hormone and apply them to a study of the immunochemical nature of endogenous PTH in man. The results from these studies have allowved us to further understand the biological significance of PTH metabolism. In addition, these results have important implications for the use of the radioimmunoassay for measuring PTH in the circulation of man.
METHODS
Preparation of hormones and hormonal fragments. Purified BPTH (10) and a parti"lly nolrified preparation of human parathyroid hormone (HPTH) (11, 12) were used as standards in the radioimmunoassay. Aliquots of BPTH were iodinated with 12"I by a modification of the method of Hunter and Greenwood (13) for use as tracer (300 Ci/g).
Bovine hormonal fragments 1-34, 14-34, 19-34, and 1-13 were synthesized by a modification of the solid phase methods previously described (9) . Fragments 1-34, 14-34, and 19-34 were prepared by removing quantities of peptide-resin at the appropriate steps in a single synthesis beginning with resin-esterified phenylalanine. Using the test systems previously described (9) , this preparation of fragment 1-34 was found to be more active than the initial preparation both in vivo and in vitro. In eight separate bioassays, based on the activation of rat renal cortical adenyl cyclase (14) , the potency of the more recently synthesized preparation ranged from 1800 to 2300 USP u/mg. Fragment 1-13 was also prepared by a modification of the solid phase methods beginning with resin-esterified lysine.
The hornmonal fragment 53-84 was prepared by tryptic digestion of native hormone after blockade of lysine e-amino groups with maleic anhydride as previously described (7) .
Amino acid composition and precise quantitation of preparations of purified BPTH, synthetic and natural hormonial fragments of BPTH, and partially purified HPTH were determined by combinied acid and enzvmatic hydrolysis techiniques (7, 10) .
Antisera. Antisera from guinea pigs that had been im1-munized with partially purified BPTH (10) were used at a final dilution of 1/300,000 (GP-1), 1/80,000 (GP-118), 1/6000 (GP-133), and 1/3000 (GP-144), chosen to give a bound to free ratio of radioiodinated hormone in the abseince of added hormone (antibody control) of 0.7-1.0.
Antigenic recognition of the antisera was restricted by preincubation of GP-1 and GP-133 (dilution of 1/30,000 an(l 1/600, respectively), [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (20) .
Gel filtrationt. Portions of 0.1-0.8 ml of plasma and marker (BPTH-'"I-20,000 cpm, 40 pg) were chromatographed at 25°C on a 0.8 X 60 cm Bio-Gel P-10, column (100-200 mesh, Bio-Rad Laboratories. Richmond, Calif.) at a flow rate of approximately 8 MOLES PEPTIDE x 10-'5
Comparison of the fall of antibody-bound to free BPTH-"I tracer from antibody control (bound to free ratio in the absence of unlabeled hormone) in assays using four antisera as a function of increasing concentrations of BPTH and BPTH fragments 1-34 and 53-84.
Concentration is expressed in moles X 10". A. GP-1 (1/300,000) ; B. GP-133 (1/6000); C. (1/80,000); D. GP-144 (1/3,000).
tetraacetate-0.05% Merthiolate-10%o (v/v) human plasma by methods previously described (3) . Plasma samples. Venous blood was collected in heparinized tubes from the antecubital vein from 24 patients in the fasting state. 19 had hyperparathyroidism and 5 were normal subjects (21) . Samples from veins draining the parathyroid glands were collected at the time of diagnostic transfemoral catheterization in five patients with surgically proven parathyroid adenomas and in two patients without disorders of parathyroid function (cases 23 and 27 in reference 22). The latter blood samples contain hormonal concentrations that were as much as 50-fold greater than were found in the general peripheral circulation (22) .
RESULTS
Characterization of antigenic recognition of anti-BPTH antisera. Fig. 1 B,C) .
When PTH in the general circulation is measured in assays using GP-133, the slopes of inhibition of tracer binding by successively increasing aliquots of sample are identical with that caused by HPTH, but when GP-1 is used there is evident nonidentity of these two slopes (see below). Therefore, these antisera were chosen for further characterization. Studies of BPTH and HPTH using GP-1 and GP-138
and each antiserum after preincubation. Fig. 3 HPTH. In assays with both anitisera, before preincubation (Fig. 3A,D) , four to five times more HPTH thani BPTH is required to produce a 50% depression of the bound to free ratio. However, the reactivity of HPTH relative to BPTH is increased by 2-to 2a-fold in assays using GP-1 and GP-133 after preincubation with excess concentrations of 53-84 (Fig. 3B,E) . In contrast, in assays using GP-1 preincubated with excess concentrations of 1-34 fragment, eight times more HPTH than BPTH is required for 50% depression of the bound to free ratio and in assays using GP-133 preincubated with excess 1-34, the slopes of inhibition of tracer binding by the two hormones are no longer identical (Fig. 3C,F) . Althouglh BPTH and HPTH clearly differ immunochemically, the lower ratio of cross-reactivity of HPTH to BPTH observed in assays using both antisera preincubated with excess 53-84 indicates that greater immunochemical similarities exist in the amino portion of the sequence.
Radioimmunoassay of endogenous PTH in man. Unblocked GP-1 and GP-133 anld the 1-34 and 53-84 preincubated modifications of both antisera -were used, simultaneously, to assay PTH in parathyroid effluent and peripheral plasma from normal subjects and from patients with hyperparathyroidism. Fig. 4 (Fig. 4D, E, F) . In contrast, in assays using GP-1, the two slopes of inhibition of tracer binding are clearly different (Fig. 4A) . However, in assays using GP-1 preincubated with either excess 1-34 or fragmlents, the two slopes become essentially identical (Fig. 4B,C) . The identical slopes of inhibition of tracer binding given by samples from the general circulation and HPTH can be better appreciated when peripheral plasma from patients, Me and Sh (Table I ) with higher concentrations of immunoreactivity are examined (Fig.  5) . Over a wide range of depression of the bound to free ratio (over 90% depression in assays using GP-1 preincubated with excess 1-34 (Fig. 5A ) and over 70% in assays using GP-1 preincubated with excess 53-84 ( Fig. 5B) , samples from both patients give slopes of inhibition of tracer binding which are identical with that given by HPTH. Therefore, accurate quantitation of the immunoreactivity in peripheral plasma samples is possible.
In the peripheral plasma from patient, Tu, the concentration of immunoreactive material measured in assays with GP-1 preincubated with excess 1-34 fragment is identical with that measured using GP-133 and its preincubated modifications (range 7.7-8.5 ng/ml), (Fig. 4B , D, E. F). However, the concentration measured in assays with GP-1 preincubated with excess 53-84 fragment is only 1.4 ng/ml, or one-sixth as much (Fig. 4C ). (Table I) . Four parathyroid effluent samples were from patients with hyperparathyroidism and two were from patients who were free of disorders of parathyroid function. 18 peripheral venous samples were from patients with hyperparathyroidism and five were from noriial subjects. PTH in the parathvroid effluent plasma from all patients has equivalent concentrations of immunoreactive nmaterial in both assays. However, in all 23 peripheral venous samples higher concentrations are found in assays using GP-1 preincubated with excess 1-34 than in assays using GP-1 preincubated with excess 53-84. In the samples from the patients with hyperparathyroidism, the concentration of immunoreactive material measured in the two assays differs from 4-to 20-fold. In assays using GP-1 preincubated with excess 1-34, the samples from the five normal subjects give a concentration range of 0.5-0.8 ng/ml. However, even though assays using GP-1 preincubated with excess 53-84 are of sufficient sensitivity to easily detect 0.5 ng/ml, none of the samples were measurable. Thus, the observations made from examination of peripheral venous samples from patients with hyperparathyroidism are confirmed, qualitatively, by analysis of peripheral venous plasma from normal subjects.
These observations are further clarified when parathyroid effluent and peripheral venous plasma samples are subjected to gel filtration and each fraction assayed with these two preincubated modifications of GP-1. Parathyroid effluent samples from 7 patients and peripheral venous samples from 10 patients were studied. Five parathyroid-effluent and all peripheral-venous plasmas were from patients with hyperparathyroidism. Two parathyroid-effluent samples were from patients who were free of disorders of parathyroid function. Representative elution patterns are shown in Fig. 6 . In all patients, regardless of their parathyroid status, PTH in the parathyroid effluent plasma elutes as a single peak, coincident with intact hormone marker, and contains equivalent concentrations of immunoreactive material in both assays (Fig. 6A) . In contrast, most.,of the immunoreactive hormone in the general peripheral circulation sample elutes later than the BPTH marker and is measured only in assays using GP-1 preincubated with excess 1-34 (Fig.  6B) . The peak of immunoreactivity measured in assays using GP-1 preincubated with 53-84 is much smaller, and is coincident with the peak of intact hormone. Preincubation of the plasma sample in 8 M urea before gel filtration did not alter either the elution characteristics or the immunoreactivity of the hormone in the sample. Thus, it is qtuite tunlikelv that conformational change of the hor- mone in the circulation, rather than cleavage, could account for these observations.
DISCUSSION
In their recent review, Berson and Yalow (23) have discussed many aspects of the immunologic specificity of peptide hormones, re-emphasizing that antisera to a given hormone contain antibodies directed to different antigenic determinants and that a single antiserum may have several distinct antibody populations directed to more than one antigenic site. This has been clearly demonstrated by Aubert and Felber (24) in studies of the inhibition of binding of labeled ACTH to several antisera by a variety of synthetic fragments. Our studies of four anti-BPTH antisera demonstrate similar heterogeneity among antisera to BPTH. An antiserum can contain antibody populations with high, but varying, affinities to multiple antigenic determinants within the sequence and antisera from different animals differ in their specificity and reactivity for the determinants they recognize.
By preincubation of antisera with excess concentrations of selected fragments, we have developed antisera which recognize defined regions of the hormonal molecule. Use of these highly specific reagents has permitted studies that have not been possible with antisera of undetermined specificity.
The lower ratio of cross-reactivity of HPTH to BPTH when using GP-1 and GP-133 preincubated with excess 53-84 fragment, than when these antisera are preinctubated with excess 1-34, indicates that greater immunochemical similarities exist in the amino, than the carboxy, portions of the hormones. Since at least the first 21 amino-terminal residues are required for biological activity (25) , these observations may mean that the immunochemical similarities are due to a greater degree of chemical homology between limited amino portions of the two hormones and that this, in turn, reflects the fact that, in all probability, certain amino-terminal regions cannot be markedly altered without loss of biological activity. Clearly, however, the significance of these immunochemical observations must await more information concerning the sequence of the human hormone, the structural requirements for biological activity and the amino acid substitutions which can be tolerated without loss of biological activity.
These observations may explain the finding that although four to five times more HPTH than BPTH is usually required for equivalent inhibition of tracer binding to GP-1 and GP-133, this ratio may vary from 2 to 8 (11) . The ratio of cross-reactivity of HPTH to BPTH depends on inhibition of tracer binding to antibody populations which recognize multiple determinants with varying reactivities. Therefore, alterations' of tracer during labeling which influence the reactivity of certain antigenic determinants of tracer more than others, will have different effects on the slopes of inhibition of tracer binding by the two hormones. For example, if the amillo-terminal recognition site of GP-1 is less reactive with a given tracer, the amount of HPTH required for equivalent inhibition of tracer binding will increase, relative to BPTH (Fig. 3) . This indicates the inherent inadequacies of the heterologous axssay system and re-emphasizes the need to standardize assays against homologous plasnma standard, as has usutailly been donie (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . or against homologons extracted hormone (21, 22) .
In addition to improved specificity, assays using preincubated antisera show improved sensitivity. Invariably, lower concentrations of BPTH are required to inhibit tracer binding to GP-1 preincubated with excess 1-34 than to GP-1 before preincubation. Similarly, HP-TH more effectively inhibits tracer binding to GP-133 l)reincubated with excess 53-84 than to GP-133 prior to preincubation. In both instances sensitivity is usually improved by about 20% (Fig. 3) . This demonstrates that preincubation of antisera can select higher affinity antibodies from a population which is heterologous with respect to specificity and affinity, and is of particular interest because it confirms the theoretical predictions of Ekins, Newman, and O'Riordan (30) .
The limitations of the radioimmunoassay, employing antisera of undetermined specificity, become In N inlhibition of tracer binding by increasing aliquots of standard and sample are identical. Studies with GP-133 prove, however, that in the radioimmunoassay for PTH, these criteria can be met by peripheral plasma PTH which consists predominantly of a hormonal fragment lacking a major, critical portion of the sequence of the ilitact p)eptide. Clearly, the nature and significance of I'TH metabolism can be better understood by use of (lefined antisera.
Since the antibody populations of GP-1 principally recognize two widely separate major antigenic determinants, preincubation with selected fragments allows separate analysis of the concentration of each determinant. When applied to the assay of samples from the ,oeripheral circulation of patients with hyperparathyroidism, these assays show that PTH in the circulation lacks an amino portion of its sequence, containing all or some of the 14-19 region. Since PTH in parathyroidvenous effluent and in extracts of human adenomas give identical slopes of inhibition of tracer binding, the immiiunochemical heterogeneity of PTH in the circulation of man observed with GP-1 can be attributed to the (leficiency of the determinant requiring this region. By using the preincubated modifications of GP-1 in assays of the fractions after gel filtration of plasma samples, these observations are clarified. Whereas, there is equivalent immunoreactivity of the material coeluting with BPTH marker using the two modification of GP-1, the late eluting peak is completely devoid of aminoterminal reactivity. Since concentrations of immunoreactivity are equal when assayed with unblocked GP-133, GP-133 preincubated with excess 1-34 and 53-84 aind GP-1 preincubated with excess 1-34, the immunoreactivity of this large fragment is probably not altered by the cleavage step. Thus, our calculations which show that less than 5-25% of the immunoreactivity in general circulation is due to intact hormone are probaLbly accurate. The high concentration of the large fragment compared with that of intact hormone indicates that its metabolic clearance rate must be considerably slower than that for intact hormone. These observations suggest that some of the conflicting reports concerning concentrations of PTH in circulation (21, (26) (27) (28) (29) may relate to the use of antisera which are heterologous with respect to specificity and reactivity with the multiple determinants of the-bovine hormone.
Furthermore, since this large fragment contains the major antigenic determinant recognized by wvhich requires all or some of the 19-34 region, but lacks the determinant recognized by GP-1 which requires all or some of the 14-19 region, the location of the cleavage site can be delimited immunochemically. Cleavage must occur at a site which is carboxy-terminal to position 14 and amino-terminal to position 34.
Since this large fragment lacks a portion of the sequence of intact hormone known to be necessary for biological activity (25) , one can conclude that it cannot be biologically active. Therefore, less than 5-25% of immunoreactive PTH in the general circulation of man, as detected by our antisera, is due to biologically active peptide. In addition, since all antisera thus far studied have been shown to have antibody populations which recognize multiple determinialnts, it seems most likely that an unblocked antiserunm to native hormone Nvhich gives identical displacemenit slopes in assays for HPTH and samples froni the peripheral circulation, must have antibodies which are sensitive to determinants, all of which are present in the large hormonal fragment. Therefore, such an antisera could not distinguish between biologically active, intact hormone and the biologicallv inactive, large fragment which is the dominant form of the hormone in the circulation.
Thus far, no immunoreactivity, other than for that present in intact hormone, has been identified in the assay of gel filtration fractions with GP-1 preincubated with excess 53-84. Inability to detect an amino-terminal fragment may be due to complete destruction of this sequence at the time of cleavage, or this fragment may re-enter the circulation, but be rapidly cleared. Lack of detection of this fragment, however, does not necessarily indicate its absence from the circulation. Cleavage may occur sufficiently near the antigenic determinant in the 14-19 region to lower the immunoreactivitv of this fragment and thereby, increase the concentrationl needed for detection in assays with GP-1 preabsorbed with excess 53-84, or cleavage may occur, possibly, through this antigenic determinant, thereby destroying its immunoreactivity in this assay system. It is impossible, at present, to predict whether this amino-terminal fragment could contain the structural requirements for biological activity.
Resolution of these problems must await the development of antisera with antibodies reactive with other amino-terminal determinants, such as those in the 1-13 region, which will permit further studies for the presence of this fragment, more precise localization of the cleavage site by applying antisera with more accurately characterized recognition sites, and more detailed analysis of the structural requirements for biological activitv.
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